haton

i Journal of Research in Plant Metabolites, Spring 2026,Vol 4, No. 1

ISSN: 3041-96381

https://jrpsm.asnrukh.ac.ir/

Open Access

Research Article

Evaluation of Seed Priming on Quinoa (Chenopodium quinoa Willd.) Germination
Behavior and Enzymatic Activities Under Lead Nitrate Stress Conditions

F. Jahanbakhshi !, A. Abdali Mashhadi'

,S. A. Moosavi' and A. Lotfi Jalal Abadi’

"Department of Production and Plant Genetics Engineering, Agricultural Sciences and Natural Resources University of
Khuzestan, Mollasani, Iran.

Received: 12 Feb 2026

Accepted: 19 Jun 2026 Published: 19 Jun 2026

Corresponding
Author:
Alireza Abdali
Mashhadi

Email:
alirezaabdali@asnrukh
.ac.ir

Keywords:
Seedling
establishment,
Oxidative stress,
Atomic absorption,
Heavy metals,
Catalaz, lon toxicity.

Citation:
Jahanbakhshi, F.,
Abdali Mashhadi, A.,
Moosavi, S. A., &
Lotfi Jalal Abadi, A.
(2026). Evaluation of
seed priming on
quinoa (Chenopodium
quinoa Willd.)
germination behavior
and enzymatic
activities under lead
nitrate stress
conditions. Journal of
Research in Plant
Metabolites, 4(1), 63-
83.
Doi:10.22034/jrpsm.2
026.583542.1115

Extended Abstract

Background and Objective: In recent decades, the increasing concentration of heavy metals in agricultural soils
due to industrial and anthropogenic activities has emerged as a major environmental challenge. Lead (Pb), as
one of the most persistent and toxic heavy metals, exerts destructive effects on early growth stages, particularly
germination and seedling establishment, by inducing oxidative stress, disrupting water uptake, and impairing
metabolic activities. Quinoa, a pseudo-cereal with high nutritional value and resilience to adverse conditions,
holds great promise for cultivation in stressed environments; however, it remains sensitive to Pb toxicity during
its early growth phases. Seed priming technology represents a modern and cost-effective strategy to address this
challenge. Despite various studies, the simultaneous efficiency of different iron sources (especially
nanoparticles) and calcium in mitigating Pb toxicity in Quinoa has received limited attention. Therefore, this
study aimed to evaluate and compare the effects of priming with nano-iron, iron chloride, and calcium sulfate
on germination indices, antioxidant defense system activity, and Pb accumulation in Quinoa seedlings.
Materials and Methods: This factorial experiment, based on a completely randomized design with three
replications, was conducted in 2024 at the Seed Technology Laboratory of Khuzestan University. Priming
treatments included iron chloride (FeCls) and nano-iron at 0, 4, 6, 8, and 10 mg/kg, and calcium sulfate (CaSOa)
at0,0.5,1, 1.5, and 2 mM. Seeds were immersed for 6 hours. After priming, seeds were exposed to Pb nitrate
stress levels (0, 20, 40, 80, and 100 mg/kg) in a germinator. Germination was monitored daily for one week.
Morphological parameters (radicle and plumule length) were measured using Digimizer software. Standard
indices, germination percentage (GP), germination rate (GR), mean germination time (MGT), and seedling
vigor index (SVI) were calculated. Antioxidant enzyme activities (catalase, CAT; peroxidase, POD) were
measured spectrophotometrically. Pb accumulation in tissues was determined via atomic absorption
spectrophotometry after acid digestion. Statistical analysis used SAS software, with means compared using LSD
test (P<0.05). The slicing method analyzed interaction effects at different stress levels.

Findings: Analysis of variance results indicated that all studied indices were significantly affected by both Pb
stress and priming treatments. Increased lead nitrate concentrations led to a sharp decline in GP, GR, and SVI,
while significantly increasing MGT. Conversely, priming treatments neutralized a major portion of these
inhibitory effects. CaS0,at 1-2 mM was the superior treatment for improving germination indices, maintaining
a germination percentage of 93% even under the highest Pb stress level. Regarding morphological traits, iron
priming exhibited higher efficiency. Nano-iron at 6 mg/kg had the most significant impact on enhancing
plumule and radicle length under mild and moderate stress, while FeCl;at 10 mg/kg performed better in
maintaining seedling vigor under severe stress conditions. Biochemical assessments revealed that as Pb stress
intensified, the activities of CAT and POD increased as a defense mechanism. Priming treatments (especially
10 mg/kg FeClzand 2 mM CaS0,) significantly boosted these enzyme activities compared to the non-primed
control, contributing to reduced oxidative damage and enhanced cell membrane stability. Another crucial
finding was the impact of priming on heavy metal content; atomic absorption analysis demonstrated that priming
with 10 mg/kg FeClzreduced Pb accumulation in seedling tissues by approximately 48% at the highest stress
level. This phenomenon maybe results from the competitive inhibition between iron and lead ions at uptake
sites and improved membrane integrity in primed seeds.

Conclusion: This research confirmed that while lead stress imposes severe constraints on the early
establishment of quinoa, seed priming with calcium and iron elements serves as an efficient strategy to mitigate
this toxicity. Calcium sulfate not only improves primary physical and enzymatic processes through calcium ions
but also contributes to lead detoxification via its sulfate moiety; by providing the essential sulfur foundation
required to strengthen the antioxidant defense system, it effectively ensures optimal germination speed and
percentage. Conversely, iron priming (particularly nano-iron at low doses and iron chloride at high doses)
stimulates seedling growth and enhances seed vigor. Notably, FeCl; exhibited a distinct superiority in
promoting enzymatic activities (catalase and peroxidase), demonstrating significant efficiency in boosting the
antioxidant defense system and restricting the excessive entry of lead into plant tissues. Consequently, the
application of these priming treatments is recommended for improving quinoa establishment in soils
contaminated with heavy metals.
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Table 1. Results of variance analysis (mean squares) for the effects of lead stress and priming on measured traits of quinoa.

il sy oy pils  SEre e ol buwgie Jsb  Jsb " g el
ks gl Il ey -l o o il o - = = ST
SWO V‘ ‘5‘>|}i Germination I Te e wIC 9 Coefficient of I ) Dy * LS Srild Per;xidas;:
. O. df percentage Ger;:azﬁﬂon Gerr;l;rtl:uon Germlirl:ixlt;;)n rate Velocity of Mean gt(ie;]n;matlon 15,0(3, lSellllo(t)lt1 Seedling Catalase Enzyme
Germination g g vigor Enzyme Activity
index Activity
Priming (A)
B) o o 4 497 6603%* 0.036%* 41.6™* 0.036™* 0.40™ 7707%* 4719% 23534%* 0.008%* 0.78**
Lead (B)
AxB Jilize 3
Interaction 48 97.9" 960" 0.011% 438 0.011% 0.14™ 59.3m 69.2%% 178%* 0.27%* 21.8%*
AxB
Uas
E 130 61.2 733 0.007 5.29 0.007 0.11 45.6 20.2 98.6 0.01 4.63
rror
(MP)CQ\LN{;/.; e 9.1 9.7 15.7 145 15.7 16.2 21.05 11.15 15.09 7.51 117
. 0

A o lad 1Y 970 Jleisl zalaw 10 o re o re B Sgmg pas s i 4 T gt
" * and " represent not significant and significant at 5% and 1% probability, respectively.
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Table 2 - Comparison of the mean interaction between priming and lead nitrate for germination percentage, Germination rate and Coefficient of Velocity of Germination in quinoa

(w2,3) (2ld (Fiaile oo (39 0 y3) (Fiilgr ey Fiale Cus pw u pd
Germination (%) Germination rate (seed Day ) Coefficient of Velocity of Germination
(PSS o p 5 o) o Dl (PSS ) 5 (o) i Bl (PSS o o5 (o) 0w Dl
lead nitrate (mg kg *") lead nitrate (mg kg ") lead nitrate (mg kg *!)
Priming ool Zero 20 40 80 100 Zero 20 40 80 100 Zero 20 40 80 100
Control sals 85.3¢ 78.7¢ 74.7¢ 73.3¢ 69.3¢ 0.40¢ 0.38° 0.37¢ 0.37¢ 0.32¢ 4.0 3.8¢ 3.7¢ 3.7¢ 3.2¢
Iron (;h%:i]dj4 me/ke 93.3% 86.7 82.7 81.3« 77.3¢ 0.54< 0.67% 0.62% 0.49% 0.44¢¢ 6.7 6.2 4.9 5.4 4.4
Pﬁ’ﬁ;égfiﬁg@;ﬁgm)ﬂ 93.3% 89.3« 80.0% 76.0% 74.7¢ 0.50% 0.44¢ 0.39¢ 0.39¢ 0.37¢ 5.5% 4.4% 3.7¢ 3.9¢ 3.9%
Pﬁ’ﬁ;%gﬁ;ﬁfgmﬁ;%}s 88.0° 81.3% 80.0% 76.0% 76.0% 0.46% 0.45¢ 0.42¢ 0.38¢ 0.40% 4.6 4.5% 4.20% 4.0% 3.8%
fﬁ’ﬁ;%ﬁi&fl(\)mﬁ;m}s 86.7¢ 80.0% 80.0% 78.7¢ 73.3¢ 0.53% 0.44¢ 0.47% 0.41¢ 0.41% 5.3% 4.7% 4.4% 4.1% 4.1%
fﬁ’%ﬁaﬁg ffrffm;gl b 86.7¢ 90.7% 88.0% 78.7¢ 77.3¢ 0.48% 0.56¢ 0.47% 0.42¢4 0.38¢ 4.8 4.7% 4.6% 4.20% 3.8%
"’;5%\'?&;3 ‘;rfn&%l’;;]gi b 88.0° 92.0% 85.3% 73.3¢ 77.3¢ 0.47% 0.59¢ 0.56% 0.43% 0.43% 5.9% 5.6% 4.7 4.3¢% 4.3¢%
fﬁ’%ﬁaﬁg ffrffﬁ;\/gl b 98.7° 98.7* 89.3% 82.0% 73.3¢ 0.55% 0.51¢ 0.52% 0.50% 0.49< 5.5% 5.2¢ 5.1¢ 5.0 4.9
P;%T\-?aﬁi) ?r)frﬁ;n:g/kf‘ b 93.3% 84.0¢ 82.7¢ 84.0% 70.74% 0.54%¢ 0.50% 0.49% 0.44< 0.45% 5.4% 5.0 4.9 4.4% 4.5
)yéﬁ*m'éﬁlggﬁsm’“ 89.3¢ 93.3% 84.0% 86.7% 77.3¢ 0.71% 0.81% 0.63% 0.69% 0.55% 7.1% 8.1* 6.9° 6.3% 5.5%
)ycim\sﬁflm’“ 96.0% 97.3% 98.7¢ 92.0% 88.0° 0.77% 0.77% 0.76" 0.74* 0.51% 7.7° 7.7% 7.6% 7.4° 5.1
)yéﬁﬁm\éﬁlmsm’“ 97.3¢ 94.7% 93.3% 94.7% 86.7° 0.75% 0.82% 0.77% 0.69% 0.67% 7.5% 8.2% 7.7% 6.9% 6.7%
Hyaghe ¥ poedS Slidss 97.3¢ 97.3% 98.7¢ 96.0° 93.3¢ 0.81¢ 0.89* 0.80° 0.72¢ 0.71% 8.9% 8.1* 8.0 7.2¢ 7.12

Calcium Sulfate 2 mM

WL e b (gl e BN ailine B> S Blas glls gl Sihes oy Sl mhas j0 10 5 00l plodil LS. Means 4y, 5l ooliinl b x5l anlis

Means comparison was done using L. S. Means procedure at each level of lead nitrate; means with at least one common letter are not significantly different.
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Table 3 - comparison of the mean effects of priming and lead nitrate for Germination index, Germination rate index, Mean germination time and
Root length in quinoa

s P ijdiles oyl oo .
T . e . IV O et Azl Job
ombejl gladele il asls S34ilex Gay) (150, o)
Experimental Treatments Germination index Germination rate  Mean germination time
index (day) Root length (mm)
Priming
Control sali 237¢ 11.4¢ 2.78 27.7%
pskS o p S ke ¥ al I8 249¢ 15.0% 1.89% 32.5%
Iron Chloride 4 mg/kg
PS5k o p S ke P oallS 256 1320 245" 37.8°
Iron Chloride 6 mg/kg
P 0 ek b a8 266 13.2% 241 3728
Iron Chloride 8 mg/kg
P 2 p sk Ve ol )t 268 143 2.26" 37.3°
Iron Chloride 10 mg/kg
[")f}L!S )‘> ia)fgsj"" ¥ L)'Q;l 9"L’ 267cd 13_4dc 2_32hc 31'1ah
Nano Iron 4 mg/kg
ﬁ;?L!S )o ib)fgsj"" 4 Umi 9)[.: 270cd 14_40(1 2_10hc 31'8ah
Nano Iron 6 mg/kg
Nano Iron 8 mg/kg
f’;?l"s )‘3 f’)fgsl‘"’ \ U’Q’—l 9“L' 267cd lsobc 2_12bc 34.8“’11
Nano Iron 10 mg/kg
Noaisheo 10 pels Slilsn 289" 18.8% 1.55¢ 25.9¢
Calcium Sulfate 0.5 mM
Noaigeo ) ol g 319® 21.0° 1.46% 29.3¢
Calcium Sulfate | mM
Noaihes VB ol 25 318® 21.0° 1.38¢ 30.7%
Calcium Sulfate 1.5 mM
Nsahea ¥ oenls’ Sy 330° 21.7° 1.29° 30.2%
Calcium Sulfate 2 mM
(P55 5 055 ko) oy S5
lead nitrate (mg kg *")
Zero 299* 17.5% 1.87¢ 54.32
20 282® 16.2%® 1.99% 35.5°
40 276" 15.7% 1.95° 30.0%
80 267° 15.4% 2.05° 22.6%
100 267¢ 14.8° 2.14% 18.2¢

35,5 ;K08 L LSD (g5l ulesl 3 o ys iy Jleiisl s 50 (gl cime M oS e B> S JBlas gl slop Silo
Means that have a common letter, have not significantly different together at 5% based on LSD test.
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Table 4 - Comparison of the mean interaction between priming and lead nitrate for Shoot length and Seedling vigor index in quinoa

(o o) azadlu Job azals ay 5Ll
Shoot length (mm) Seedling vigor index
(PSS 5o p S o) o Sl (PSS 5o p 5 o) o Sl
lead nitrate (mg kg ") lead nitrate (mg kg 1)
Priming Soslyy Zero 20 40 100 Zero 20 40 80 100
Control sals 53.3% 42.7¢ 35.24 32.1% 28.8% 67.4° 54.6° 43.7¢ 37.1%¢ 35.3¢
\h‘l}m‘d'\i’ls " 53.8% 4284 42.2% 38.2° 35.0% 89.6¢ 66.6% 53.2% 49.6% 46.8*
Iron Chloride 4 mg/kg
PSS ;1;‘5;& i’ u-/‘;‘ e 56.3% 42.4¢4 42.9% 37.5° 37.7%® 103.9% 62.8¢ 60.4% 51.6° 45.4%
Iron Chloride 6 mg/kg
2 911‘5 ”CI";S Fdl*"g’\ UZ’(' A 5w 4239 41.9%  37.8°  324%  1057® 648  61.4%  488% 438
ron Chloride 8 mg/kg
PeSske Ve prlals
a5 okS 56.3% 42.6% 40.0% 38.8° 34.1% 112.3¢ 68.8% 60.4% 52.5° 47.0*
Iron Chloride 10 mg/kg
PSS ‘B)S‘SLA ool st 55.5% 39.34 36.8%¢ 32.1% 27.6% 92.1% 65.3%4 56.0% 44.7% 36.5¢
Nano Iron 4 mg/kg
'a)sjl;? > ‘IB)SG;M F/k(r‘”l s 61.3%® 50.4° 49.9* 45.1* 41.7° 114.9* 77.4° 65.2% 52.7% 41.0%
ano Iron 6 mg/kg
f;ji » ';)5‘5;“ A/l:}ml U 65.0% 48.7% 45.4% 37.4° 34.5% 92.2% 67.8% 63.8% 47.7% 44.6°
ano Iron 8 mg/kg
= P vl sl
PSS ﬁ;"iﬁ\ /k& ¥ 63.8% 45.7% 43.6™ 37.0° 31.3% 113.0° 75.7% 58.7% 53.5¢ 47.4*
Nano Iron 10 mg/kg
)\JCVIGL?‘“ ) s/ alfM Sy 51.7% 44.8%  412% 244 15.5¢ 95.7% 78.6° 64.5% 29.6¢ 23.9¢
alcium Sulfate 0.5 mM
)y9‘°lwlf‘° ! f“l*f“‘lf ol 529% 418 39.8% 1570 1220 1035° 7370 6680 27.7¢ 227
Calcium Sulfate | mM
)Yyl‘sL“m \/alf“ g 54.5% 46.9% 40.9% 25.2% 16.2¢ 92.2% 72.0% 58.2% 45.0% 28.2%
Calcium Sulfate 1.5 mM
Noaihea ¥ poenls” Sy 44.9° 41.9%  413% 20.74 10.6¢ 90.1¢ 73.0% 71.1° 41.9% 21.1°

Calcium Sulfate 2 mM
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Means comparison was done using L. S. Means procedure at each level of lead nitrate; means with at least one common letter are not significantly
different.
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Table 5 - Comparison of the mean interaction between priming and lead nitrate on germination percentage, Germination rate and Coefficient of
Velocity of Germination in quinoa
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Seedling Catalase Activity (umol/g FW/min)

2 s Ol ) 4l oSy o 35T called

(Sydoies
Seedling Peroxidase Activity (Absorbance change/g

FW/min)
(p kS 2 p S ) ©pm Sy (p S5k 2 p S k) wpm i
lead nitrate (mg kg *1) lead nitrate (mg kg *!)
Priming o), Zero 20 40 100 Zero 20 40 80 100
Control sals 14.5¢8 16.3! 20.3¢ 24.3" 26.1" 2.01" 2.03¢ 2.13¢ 2.19¢ 2.89°
wa] X
Vol ks 18.2¢ 20.5¢ 23.7° 28.0 30.2¢ 2.76% 2.96¢ 3.29% 3.86° 4.46"
Iron Chloride 4 mg/kg
PSS o e S ee P ool w5 21.8° 21.7% 24.6% 30.1¢ 32.4¢ 2.94¢ 3.06" 3.44¢ 4.14f 4.45¢
Iron Chloride 6 mg/kg
PSS o pSkee A ool a5 21.5¢ 24.0¢ 26.6" 32.4¢ 32.7¢ 3.10¢ 3.32% 3.67% 4.55¢ 4.40%
Iron Chloride 8 mg/kg
PSS o pSkea Ve ol )l 24.5 28.2° 30.8* 35.6° 36.3 357 391° 4.26* 5.07* 5.06*
Iron Chloride 10 mg/kg
pskS o p S hee ¥ ool 5t 14.0¢ 17.5! 20.3¢ 25.00 27.1¢ 2.19° 2.554 2.83¢ 3.43% 3.87°
Nano Iron 4 mg/kg
PSS o p S kea P ool 5 15.9° 18.7" 21.9° 27.62 27.8¢ 2.42¢ 2.75¢ 3.33¢ 3.87° 3.86°
Nano Iron 6 mg/kg
PAAS 3 S A ool 5 17.5¢ 20.8¢ 24.0¢ 28.8¢ 29.2 2.76% 2.99¢ 3.32¢ 4.02¢ 4.05¢
Nano Iron 8 mg/kg
PSS 3 pS sk e ol 19.0¢ 21.0¢ 24.9¢ 30.2% 30.8° 2.80% 2.92¢ 3.58% 4.13¢ 423
Nano Iron 10 mg/kg
oo <10 Sldlge 19.5% 22.3f 25.9¢ 30.8¢ 31.44 2.77% 3.14cde 3.62¢ 4.25¢ 4.28%
Calcium Sulfate 0.5 mM
Ny ) e Sldlg 20.3% 23.8¢ 26.9% 32.8¢ 32.3¢ 2.85% 3.37¢¢ 3.874 4.47° 4.56%
Calcium Sulfate | mM
Hyaches VO s Slilgs 22.9° 25.0¢ 28.2° 33.6™ 33.9° 3.30% 3.62¢ 4.02¢ 4.25¢ 4.74°
Calcium Sulfate 1.5 mM
Mook ¥ el Sldg 2420 27.42° 274" 34.4b 35.8° 3.50° 3.76° 4.21° 4.92° 4.98

Calcium Sulfate 2 mM
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Means comparison was done using L. S. Means procedure at each level of lead nitrate; means with at least one common letter are not significantly
different.
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Table 6. Results of variance analysis (mean squares) for the effects of lead stress and priming on Seedling Lead Content in quinoa.

Ol s Lo @ol3l a0 azalS o glosixe
S.0.V df Seedling Lead Content
Priming (A) A) Sy 1 38.3%
Lead (B) B) &y 4 0.188%*
BxInteraction A AxB Jilizs il 4 0.007"
Errorlas 20 0.005
(30,9) Slyeess o 123

C.V (%)

e o las 1 7Y 970 Jlasl zalaw jo o ixe oyl cire BB 59z g pae cud a4 T T
" and ™" represent not significant and significant at 5% and 1% probability, respectively.
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Table 7 - Comparison of the mean interaction between priming and lead nitrate for Seedling Lead Content in quinoa

(PSS 52 p)5 (o) 48LS @y lgicno
Seedling Lead Content (mg/kg)

(r S5k 2 p S ) o i
lead nitrate (mg/kg)
Priming Scoslyy Zero 20 40 80 100
Control uals 0.00% 0.009< 0.027¢ 0.084 0.250
Iron Chloride 10 mg/kg ¢S5k ;5 )5 oo 1+ (2l 0y 15 0.00% 0.000<¢ 0.004% 0.022° 0.129%

W, oo b syl gme NS aline B> G Blas (slls sla 1 Kiles oy Dl mhaw j2 00 5 00l plowl LS. Means s, 5l oolatul b K5k dslis

Means comparison was done using L. S. Means procedure at each level of lead nitrate; means with at least one common letter are not significantly
different.
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